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ABSTRACT 


The  Mori-Tanaka  micromechanics  method  is  used  to  predict  the  effective  properties  of  composite 
materials  consisting  of  a  polymer  matrix  reinforced  by  a  fiber  made  of  a  transformation  shape 
memory  effect  (SME)  material.  The  composite  response  is  plotted  for  combinations  of  the  fol¬ 
lowing  scenarios:  (1)  Isothermal  iong;itudlnal  and  transverse  stress  input,  (2}  stress-free  thermal 
loading,  (3)  constant  hber  thermoelastic  properties,  and  (4)  thermoelastic  hber  properties  that 
vary  with  the  martensite  volume  fraction.  For  the  case  of  an  isothcnnal  stress  input,  the  compos¬ 
ite  transformation  stress,  the  maximum  transformation  strain,  and  the  hysteresis  are  all  reduced 
vis-a-vis  the  monolithic  SME  material.  In  contrast  to  a  monolithic  SME  material,  stress-free  ther¬ 
mal  loading  of  a  SME  composite  can  produce  a  transformation  .strain.  It  b  shown  that  closed  form 
solutions  for  the  effective  martensite  and  austenite  start  temperatures  can  be  derived,  that  they 
are  sensitive  to  the  stress-free  reference  temperature  of  the  fiber,  and  that  the  stress-free  austenite 
and  martensite  start  temperatures  are  higher  than  those  of  the  monolithic  SME  material. 


1.  INTRODUCTION 

Active  shape  memory  ehect  (SME)  materials  allow  for  the  fabrication  of  structures  with  intrinsic 
control  of  shape  and  vibration  parameters  such  as  stiffness,  ualural  frequency,  and  damping.  The 
SME  is  usually  due  to  either  the  stress  induced  transformation  between  austeuitc  and  martensite 
or  the  reorientation  of  martensite  variants.  For  both  the  iraixsformation  and  the  reorientation 
SME,  an  active  composite  can  be  made  by  surrounding  a  prestressed  martensitic  SME  fiber  with  a 
non-SME  matrix  material.  When  the  composite  b  heated,  usually  by  passing  an  electric  current 
through  the  SME  fiber,  the  martensite  b  transformed  into  austenite  and  the  fiber  contracts, 
thereby  producing  the  activation.  Upon  cooling,  the  austenite  transforms  into  martensite,  and 
the  internal  stresses  (sometimes  called  «genstrcsscs)  within  the  matrix  return  the  composite 
structure  to  its  original  shape. 

Constitutive  equations  describing  the  thennomcclianical  behavior  of  SME  composites  arc  needed 
to  enable  their  efficient  production  and  service.  In  phenomenological  constitutive  modciling, 
the  form  of  the  equations  and  the  constants  in  the  equations  are  rietermiued  from  experiments. 
PhcnomcnologicjU  modelling  is  descriptive,  but  not  explanatory.  Micromcchanical  coiislititlivc 
niodcHitig  consists  of  solving  a  small-scale  boundary  valm:  problem  and  then  avcr.agiiig  the  soltiUtm 
to  obtain  the  effective  (or  overall)  composite  properths.  Bt:eause  uncro mechanics  b  explanatcuy, 
it  allows  for  the  8y.stcmatic  design  of  composite  material.*!. 
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clijcnical  rcapoiL^’ot  tl.c  thcrmomc- 

Tho  matrix  of  sud.  a  comp^t 

with  the  SME  of  the  fiber.  Polymers  arc  associated 

though  the  large  fiber  tratisformation  strains  will  ^  envisaged  as  matrix  materials.  Al- 

matrix  is  herein  assumed  to  be 

mation  SME  constitutive  equations  of  Tanaka  arc  cxteulZ  m  °”‘=-^‘.‘«cnsional  transfer. 
Mori-Tanaka  microtncchanics  method  is  oresenS  ft  ^  In  part  3,  the 

SMB  fiber  and  the  composite  are  drci^LcdTp^t  4  of  both  the 

Throughout  the  paper,  superscripts  denote  qualitative  descrinii«.,  ^r  m  •  i 
whereas  subscripts  denote  tensorial  components.  of  Hie  associated  variables, 

2.  SME  FIBER  CONSTITUTIVE  EQUATIONS 

it  «stume5  tint  the  tnnsformittiati  is  unaffected  by  the  Ii^mtatic  m  llojsts  m  that 

derivation  of  the  tangent  medianical  and  thermai^riffn  ^  stress.  However,  the  present 

^ij  =  CijkHli  -  Cijki  (cfei  -  (h  -  OckiAT)  f 

T-r  wLr^  is  mfimtecmal  atratn,  the  ttaiBrcnnation  strain,  and  ir  = 

snpans;ontensc’:‘“-;;riSd"S:rb“r^^^^^ 

CijM  =  Ci,a  +  _  Cd„) ,  “u  =  <>&  +  ( (at! -a&) ,  (2) 

-0  variable 

d  =  l-e*p[a<'(jr*_r)+4«s]  (3) 

during  the  martensitic  transformation  and 

?  =  cip[tt^(A«*-r)+6A^]  A'<T<A/  (4) 

given  by  dependence  of  the  transformation  temperature,  is 

A-=A"+.ic.  A/  =  A'/+^.,,  - 


(5) 
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where  and  arc  the  martensitic  and  austenitic  stress  influence  coefficients.  Assuming  that 
the  transformation  is  complete  when  ^  =  0.99,  the  constants  and  arc  given  by 


.M 


/n(0.01) 
(A/*  -  Mf)  ’ 
/n(O.Ol) 

(A^  -  A/)  * 


(6) 


Dy  assuming  that  the  stress-induced  SME  is  isotropic,  these  three-dimensional  equations  for  C 
were  obtained  from  the  one-dimensional  equations  by  replacing  the  one-dimensional  stre-ss  by 
the  effective  stress,  5,  where  d  =  and  tbe  deviatoric  stress  is  given  by  = 

Cij  —  ^Okk^ij.  The  rate  cf  transformation  can  be  obtained  by  applying  the  chain  rule  to  (3)  and 


(4)  to  yield 


^  ere  da 


(7) 


The  tran.$formation  straun  is  due  solely  to  that  part  of  $  that  is  stress-induced.  In  other  words, 
it  is  assumed  that  a  stress-free  thermal  loading  of  the  SME  material  produces  no  transformation 
strain  because  all  of  the  martensite  variants  form  with  equal  probability  and  the  transformation  is 
volume  couserving.  or  isochoric.  An  applied  stress,  however,  favors  the  growth  of  those  martensitic 
variants  which  are  oriented  to  yiehl  the  largest  transformation  strains. 

By  assuming  that  the  clastic  response  is  also  isotropic,  the  three-dimensional  transformation 
strain  rate  can  be  obtained  from  the  one-dimensional  equation  as  follows: 


^  —  Tfa' 


(S) 


where  the  transformation  tensor,  Cl,  can  be  obtained  from  the  maximum  isothermal  irausfor- 
niation  strain  (wUicli  corresponds  to  ^  s  1)  &nd  the  one-dimensional  elastic  modulus,  D,  usiitg 
gtmar  ss  Duriug  thc  marteusitic  and  reverse  tratjsformations,  respectively,  the  “hardncs.s” 
parameter,  H,  is 

(9) 


“  A'<r<A^ 


AT  =s  0  during  transformation-fcec  deformation. 

Equations  (I)  through  (9)  complete  the  constitutive  description  of  the  SME  material.  However, 
the  tangunt  mechanical  and  thermal  stiffness  tensors  are  needed  in  the  Mori-Tanaka  l•.licrome- 
chaiitcs  method.  The  tangent  mechanical  and  thermal  stiffnesses  Lijki  and  Uj,  respectively,  are 
dclincd  by 

Oij  =  Lijkiiki  4*  Ujt  •  (i9) 

In  order  to  derive  those  tangent  stiffness  tensors,  equation  (1)  is  written  in  rate  form  iu; 


-  Cfci  ”  +  Cijkiiki 


(ll) 
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Equations  (2)  and  (7)  thru  (9)  can  be  substituted  into  (11)  to  yield 

^  -*  —  CifklCtklT 

u 

-C„„(»2  -'>S)Ar(§f  +  |j)  +  (eg-,  -  C5„)4.(§t+ 1«) 


By  intiodsicing  the  term 


^ijmn  —  Ajmn  d*  Cijmn 


and  collecting  the  terms  multiplying  T  and  9,  equation  (12)  can  be  rewritten  as 

9mn’^ijmn  —Cijkl^kl  d"  ^ 

+[(Q/fet  *“  C'i5w)<a  -  Cijki{oLu  -  OtjJi)  Arj 
+  I  “  ^ijkliockl  ~  ^w)  Arj  ~  —  Ciyjt/ftfci|T  . 

The  temperature  rate  f  is  assumed  to  be  a  known  input.  Recall  that  both  dy  and  ey  are  kno\vii 
from  the  non*tangent  form  of  the  constitutive  equations,  equations  (1)  thru  (9).  Therefore,  all  of 
the  terms  in  equation  (14)  are  known,  and  the  tangent  response  can  be  determined.  For  example, 
during  an  isothermal  transformation  the  tangent  stiffness  is  given  by 

LmnkI  =  +  [(^t^  “  ^op  “*  ^ijop  ~  ATj  "^<3 1  . 

(15) 

During  transformation-free  thermomechanical  loading,  the  tangent  response  is  given 

dy  ss  Cijkihi  -  Cijuakif ,  (16) 

so  that  Lijki  ~  ('tjki  and  iy  —  “C7yfct®fct* 

3.  MICROMECHANICS 


expressionsKtr 


Equations  (17)  thru  (32),  HlU’s^  “direct  approach”  to  effective  composite  properties,  arc  general 
rclalionsUips  that  arc  independent  of  the  micromcchanics  method  used  to  obtain  the  conccntraiiou 
tensors.  The  thcrtnomechanical  constitutive  relations  of  the  phases  v  =  m  (matrix)  and  vs:/ 
(fiber)  .ire  given  by 


dr,-  =  LT,w€u  +  iyr,  t;  =  m,/. 


v  =  m,/ 


01/14/93'  15:06  0409  845  6051 


TAHU  Aerosp.  En*. 


®  006/0  li 


where  and  arc  the  tangent  stiffness  and  compliance  tensors,  respectively.  The  lUcimal 
strain  tensor  mJ'j  and  the  thermal  stress  tensor  /"j-  arc  related  by 

^^7  -  ■  (19) 

Similarly,  the  composite  response  is  given  by  the  effective  constitutive  cqtiations 

+  (20) 

and 

(21) 

with 

.  (22) 

The  composite  stress  and  strain  rates  arc  given  by  the  volume  averages 

<5r?.  =  c’“d.^4-c^ffi-  (23) 

and 

where  c''  denotes  the  volume  fraction  of  the  phase.  The  local  constituent  stress  and  strain 
fields,  assumed  to  be  uniform  within  each  phase,  are  given  in  terms  of  the  composite  fields  by 

+  v  =  mj  (25) 

and 

^7  ~  »  V  =s  m,  /  ,  (26) 

where  Byjfep  5^  and  ajy  are  the  stress,  strain,  thermal  stress  and  thcnnal  sirmn  concentra¬ 
tion  tensors,  respectively.  The  concentration  tensors  are  coitstrained  by  the  relations 

=  (27) 

+  ^Miki  =  »  (28) 

c"‘6^-l-c^6{,.=*0,  (29) 


c^o^+c^o/.sO,  (30) 

where  /yjti  is  the  fourth  order  identity  tensor.  The  effective  composite  tangent  stiffneas  and 
compliance  tensors,  respectively,  arc 

ifiu  =  c"£5««^S.« + (31) 


ijfnn^^mnkl 
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:infl 

^ijbt  =  •  (32) 

Note  f  liat  tlie  effective  stiffness  is  not  tlic  volume  average  of  the  constituent  stifrucsscs. 

The  ihcrmtil  stress  and  strain  coj^centration  tensors  can  bo  determined  using  the  decomposition 
scheme  of  Bcnvctiiste  and  Dvorak:  The  decomposition  allows  for  the  determination  of  the  tlicrmai 
concentration  tensors  as  a  function  of  the  mechanical  concentration  tensors  and  the  constituent 
thcrmomcchanical  properties.  The  thermal  stress  and  strain  concentration  tensors  arc  given  as 

b'ij  =  {Ujkl  -  -  ^Umn) (”^mn  “  ^mn)  .  V  =  m,  /  ,  (33) 

and 

=  {Im  -  ■'  (IL  -  C.)  .  »  =  m,  / .  (34) 

The  effective  composite  thermal  properties  are  given  by 

ifj  =  I”  -  C)  •  (M), 

and 

m-j-  =  Tn^j  *“  *" 

Note  that  equations  (33)  thru  (36)  are  general  relationships  that  are  independent  of  the  micromc* 
chanics  method  used  to  obtun  tiie  mcchanicai  concentration  tensors.  This  decomposition  method 
requires  that  the  effects  of  thermal  and  mcchanicai  loads  can  be  obtained  separately.  Tliis  lin¬ 
earity  requirement  is  violated  during  the  SME  phase  transformation.  In  the  current  incrc:r4ental 
formulation,  it  is  assumed  that  the  SME  equations  are  piecewise  linear,  that  is.  linear  within  each 
increment.  The  accumulated  error  will  be  small  if  small  increments  are  used. 

3.2  The  Mori-Tanaka  micromeclianics  method 

From  inspection  of  equations  (17)  thru  (36),  it  is  apparent  that  the  effective  compodte  ther- 
momcchanical  constitutive  equations  may  be  obtained  from  the  evaluation  of  the  mechanical 
concentration  tensors.  The  mcdianical  con^ntration  tensors  are  licrein  determined  using  the 
Benveniste  reinterpretation  of  the  Mori-Tanaka  method. 

Eshelby’s  method,  sometimes  called  the  "equivalent  inclusion  method",  is  a  mc.ans  of  predicting 
the  effective  properties  of  dilutely  reittforeed  componte  materials.  The  term  "dilate”  mcan.<i  th.at 
the  reinforcement  phase  is  of  a  sufRcicntly  small  volume  fraction  that  the  units  of  reinforcement, 
such  ;is  particles,  whiskers  or  fibers,  do  not  interact.  The  Mori-Tanakamethod  is  an  approximate 
extension  of  Eshelby’s  method  to  the  case  of  non-dilute  volume  fractions.  The  Mori-lVuiaka 
method  is  a  "mean  field”  theory,  meaning  that  the  model  assumes  that  the  stri'.s'i  and  the  .strain 
arc  uniform  within  caeh  phase  of  the  composite.  Tlie  model  makes  use  of  the  reinforcement 
volun\e  fraction  and  the  reinforcement  shape,  but  the  siae  of  the  units  of  reinforcement  |jlay  no 
part  in  the  method.  It  is  assumed  that  the  temperature  is  uniform  tliroughout  the  composite.  For 
isothermal  conditions,  the  concentration  tensors  are  given  by  the  Mori-Tanaka  microincchanies 
method  as 


(37) 
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and 

^ijkl  =  'Tijmn  (c"‘/m«tl  +  '  V  =  m,  f  .  (35) 

The  dilute  st  rain  concentration  tensor  and  the  dilute  stress  concentration  tensor  arc 
defined  as 

+  5timn{iIS„c7i)  i^ipkl  ~  ^'oT>kl)\  i  (39) 

and 

^ijkl  —  ^ijmn^mnop^^ifcl  i  (40) 

witli 

Tijkt  —  ^t7ki  ~  •  (41) 

The  solution  of  the  mechanical  problem  requires  the  evaluation  of  the  Eshelby  tensor,  Siju, 
which  is  a  function  of  the  reinforcement  shape  and  the  matrix  stiffness.  The  Eshelby  tensor 
relates  the  unconstrained  transformation  strains  and  thermal  strains,  called  ‘^eigeustrains"  in  the 
vocabulary  of  Mura,^to  the  actual  transformation  strains  and  thermal  strains  in  the  composite. 
Within  the  composite,  these  eigenstrains  are  partially  constrained  due  to  the  mismatdi  of  phase 
mechanical  and  thermal  stiffnesses.  Because  the  matrix  stiffness  is  herein  assumed  to  be  constant, 
the  Eshelby  tensor  must  be  calculated  only  once,  even  though  the  SME  fiber  stiffness  varies.  If 
the  matrix  stiffness  varies,  as  it  does  during  plastic  deformation  of  metal  matrix  composites,  then 
it  is  necessary  to  calculate  the  Eshelby  tensor  in  each  load  stciR  For  the  case  of  an  elilpsoidji^ 
reinforcement  in  a  generally  anisotropic  matrix,  the  Eshelby  tensor  must  be  evaluated  numerically. 
For  the  ca.se  of  isotropic  matrix  materials,  closed  form  solutions  for  the  Eshelby  tensor  have  been 
determined  for  a  number  of  ellipsoidal  reinforcement  shapes.  For  the  present  case  of  circular 
cylindrical  fibers  aUgned  in  the  X3  direction  in  an  isotropic  matrix,  the  components  of  the  Eshelby 
tensor  are  given  by 

•^un  =52222  =  ^  j'j (|  - 2u] ,  53333=0,  Sim  =  +  2:/) , 

V  13  1 

^3311  =0  ,  S1133  =  2(1  _j^)*  ”  4(1^77)  ^2  "  ~  ”  4  ' 

where  >/  is  the  matrix  Poisson  ratio.  Note  that  the  Eshelby  tensor,  and  therefore  the  concentration 
tensors,  arc  not  symmetric  for  the  ease  of  ^ndrical  fibers  in  an  isotropic  matrix. 

4.  RESULTS  AND  DISCUSSION 


The  composite  will  start  and  finish  the  phase  transformation  when  the  fiber  starts  and  nuisUcs 
its  transformation.  In  other  words,  =  M'',  =  A*  and  A'*  =  A^.  where 

the  superscript  “c"  denotes  “composite”  and  M',  Af^,  A*  and  A^  are  given  i)y  (5).  In  order  to 
obtain  equations  for  the  effective,  or  composite,  transformation  temperatures,  it  is  iieoes.<:iry  to 
relate  the  fiber  stress  in  (5)  to  the  composite  stress  and  the  temperature.  Unfortiiuatcly,  the  (il)Ci 
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stress  and  the  composite  stress  and  temperature  arc  in  general  related  by  the  rate  equation  (25), 
which  includes  path  dependent  concentration  tctisors.  However,  under  special  conditions,  such  as 
non-transformational.  (llicrmoclastic)  deformation,  (25)  may  be  integrated  in  closed  form  to  yield 
a  relation  bctweeti  llic  itber  stress  and  the  composite  stress  and  temperature.  and  >1'*  can 
be  derived  in  closed  form  because  they  arc  reached  via  a  non*transforniational  (thermodaslic) 
defonnatiou.  Consider  the  case  of  initial  loading  of  an  austenitic  (C  =  0)  composite.  Prior  to  the 
start  of  the  martensite  transformation,  (25)  may  be  written  as 


=  +  v  =  m./ 


(42) 


where  the  superscript  “ca” denotes  the  elastic  concentration  tensor  corresponding  to  an  aastcnitic 
fiber.  The  effective  strc.ss-free  martensite  start  temperature,  Af***.  can  be  determined  in  closed 
form  by  substituting  (43)  into  (5),  with  =  0,  to  yield 


=  Af*  +  ^  +  ^(ATAT)i  , 


(44) 


where  the  superscript  “P  denotes  “fiber”,  not  “finish”,  5^**  at  and  6'^*“  » 

By  noting  that  both  and  y**  arc  positive  semi-definite,  it  is  apparent 

from  (44)  that  the  effective  threshold  Af*"'  is  never  less  than  the  inatrbc  threshold  Af*'  because 
the  thermal  eigenstresses  raise  the  fiber  M*  temperature.  Thus,  although  the  fiber  and  compos¬ 
ite  transfermation  temperatures  are  equal  (Af**  =*  Af'),  it  does  NOT  follow  that  the  fiber  and 
composite  stress-free  martensite  start  temperatures  arc  equal.  i.e.  Af®®*  ^  Af®^.  Equation  (44) 
illustrates  the  importance  of  the  relative  values  of  Af"*  and  2*®  and  ^5^*®  in  determining  the 
temperature  increment  AT  that  will  initiate  the  stress-free  composite  martensite  transfontiation. 
The  relationship  between  Af*®®,  AT  and  T  is  plotted  in  Figures  1(a)  ^id  1(b).  Note  from  Figure 
1(a)  that  if  iV/**  >  T®  and  the  slope  >  1,  then  any  AT  will  rdsull  in  a  temperature  that 

is  below  Af®®^.  From  Figure  1(b),  it  is  apparent  that  if  Af®'  <  T®  and  the  slope  ^y®*  >  1, 
then  there  is  a  region  AT*  <  AT  <  AT**  in  which  T  is  above  the  Af®®*  threshold.  la  this 
case,  the  martensitic  transformation  may  be  initiated  by  either  cooling  or  heating  the  stress-free 
composite.  The  effective  austenite  start  temperature  can  also  be  determined  by  following  the 
previous  procedure.  Consider  the  case  of  initial  loading  of  a  martensitic  ((  s  1)  composite.  Prior 
to  the  start  of  the  austenitic  transformation,  (25)  may  be  written  as 


(45) 


where  the  superscript  “cm”  denotes  the  clastic  concentration  temsor  corresponding  to  a  martensitic 
fiber.  The  effective  strc.-js-frce  austenite  start  temperature,  A®®*,  can  be  determined  in  closed  form 
by  substituting  (45)  into  (5),  with  fffj-  sr  0,  to  yield 


«*••*  rs 


+  ^(ATAT)i. 


(46) 


The  relationship  between  A®®*,  AT  and  T  is  plotted  in  Figures  l(c>  and  1(d).  Note  from  Figure 
1(c)  that  if  A®*  >  2^  and  the  slope  ^b^*^  >  I,  then  no  AT  will  result  in  a  temperature  that 
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is  .ibovc  From  Fisarc  1((I),  it  is  apparent  that  if  <  T*  and  the  slope  >  1, 

then  there  is  a  region  AT^  <  AT  <  in  which  the  temperature  is  above  the  .4«*  thrcsiiold’. 
In  this  ease,  the  aitstcnitic  tratisforniation  may  be  suppressed  by  either  cooling  or  beating  the 
stress-free  composite. 

Tliis  procedure  for  determining  and  is  not  suitable  for  determining  the  effective  .stress- 
free  finish  temperatures  M'*/  and  because  (25)  cannot  be  integrated  in  closed  form  dming 
the  transformation  leading  to  and 

r°  will  probably  dcpeml  on  the  composite  manufacturing  method.  Tlic  dcpimdcnco  of 

and  .A®®*  on  T®  indicates  the  importance  of  modelling  the  thermomedianics  of  the  composite 

fabrication. 

Tlie  stress  dependence  of  and  A^*  can  l)e  determined  by  substituting  (43)  into  (5)  with 
AT  =s  0  to  yield 


=  M-"  -  Af®'  + 


CM 


(47) 


•where  -  ^S^rkAj.  In  a  similar  manner,  the  stress  dependence  of  A‘*  can  be 

obtained  as 


A®*  -  A" 


(48) 


Both  Af®®  and  A®*  increase  linearly  with  but  the  effect  is  now  anisotropic:  different  compo¬ 
nents  of  <r®j  have  different  influences  on  Af®*  and  A".  The  effective  transfonnation  is  anisotropic 
and  pressure  dependent  even  though  the  SME  fiber  is  isotropic  and  pressure-independent.  Also, 
the  effecti%’G  transformation  tensor  is  no  longer  a  scalar. 

This  procedure  for  determining  the  stress  dependence  of  Af"  and  A®^  is  not  suitable  for  deter¬ 
mining  the  the  stress  dependence  of  Af®^  and  A'^f  because  (25)  cannot  be  integrated  in  closed 
form  during  the  transformation  leading  to  Af*^  and  A*^.  In  monolithic  SME  materisds,  the  Af^ 
and  A^  lines  arc  parallel  to  the  Af'  and  A®  lines  in  a  stress-temperature  space.  The  present 
authors  are  currently  studying  the  history  dependent  shape  of  the  Af®^  and  A®-^  lines. 


4.2  The  SME  fibet  response 

The  thcrmomcchanical  behavior  of  a  NiTi  SMB  fiber  presented  in  Figures  2  thru  4.  The  NiTi 
material  propertied  Wi  given  in  Tabic  1,  Figure  2  indicates  that  for  temperatures  greater  than 
A'f  the  SME  is  replaced  by  pscudoclasticity  due  to  transformation.  For  Figtire  2,  it  was  assumed 
tliat  the  fiber  elastic  modulus  was  constant  and  equal  to  the  average  of  the  austenitic  (iv^^)  and 
martensitic  (J5*^)  clastic  modtili.  The  effects  of  a  variable  elastic  modulus  may  l>c  seen  Fig;jrc 
3.  The  results  of  a  stress-free  thermal  loading  arc  shown  in  Fig^irc  4.  Recall  that  a  stri:.ss-frcc 
thermal  transformation  does  not  produce  a  transformation  siriun.  Thcrcrorc,  the  total  .strain  in 
Figure  4  is  equal  to  Mtc  tUcnnoclastic  strtun.  Note  that  in  the  case  of  a  vatnalAc  tiiunnoclastic 
expansion  coeffident,  the  finish  strain  docs  not  equal  the  start  strmu  even  though  the  fini.«ii 
tcmperattirc  is  equal  to  the  start  temperature. 
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4.3  The  SME  composite  rcsnonac 

The  thcrmomcclianical  clTccts  of  mamifacturing,  such  m  applying  a  prestress  to  tlio  SME  fiber, 

.arc  not  considered  licrcin.  The  rc.sponsc  of  a  SME  composite  (c^  =  0.30)  is  given  in  Figures  5  thru 
7.  In  Figures  5  and  7,  it  vas  assumed  that  the  fiber  thermoelastic  moduli  arc  constant  and  equal 
to  the  average  of  E'^  and  E^.  Figure  5  indicates  that  the  isothermal  transforniation  stress,  i  l»c 
isothermal  transformation  strain,  and  the  isothermal  hysteresis  arc  all  reduced  iu  the  composite 
vis-a-vis  the  monolithic  SME  material.  By  comparing  the  longitjtdinal  and  transverse  responses, 
it  may  be  seen  tliat  tlie  transformation  stress  and  the  maximum  transformation  strain  are  liighly 
anisotropic,  which  indicates  that  the  cfTcctivc  stress  influence  coefficient  and  transfonnatiou  t.cn- 
sors  are  anisotropic.  The  effects  of  variable  fiber  clastic  moduli  may  be  seen  in  Figure  G.  The 
longitudinal  composite  response  is  more  sensitive  than  the  monolitliic  SME  material  response 
(Figure  3)  to  the  effects  of  variable  elastic  moduli.  However,  the  transverse  composite  response 
!s  less  sensitive  than  the  monolithic  fiber  response  {Figure  3)  to  the  effects  of  variable  clastic 
moduli  because  the  compliant  matrbe  dominates  the  transverse  response.  Figure  7  indicates  that, 
in  contrast  to  the  monolithic  SME  material  (Figure  4),  thermal  loading  of  a  composite  that  is 
free  of  net  stress  (fffj-  =  0)  results  in  a  transformation  strain.  During  the  transformation,  which 
begins  at  approximately  23“  C,  the  composite  thermal  expansion  coefficient  varies  because  tlic 
fiber  mecirantcal  tangent  .stiffness  and  the  mechanical  stress  concentration  tensor  vary.  The  vari¬ 
able  composite  thermal  e.xpansion  coefficient  is  not  a  result  of  variable  fiber  thermoelastic  moduli, 
which  were  assumed  to  be  constant  in  Figure  7.  After  the  transformation  is  complete,  the  com¬ 
posite  thermal  expansion  coefficient  is  equal  to  its  value  prior  to  the  start  of  the  transform.ation; 
this  would  not  be  true  in  the  case  of  variable  fiber  thermoelastic  moduli. 

5.  SUMMARY 

The  Mori-Tanaka  micromechanics  racthed  was  used  to  predict  the  effective  properties  of  SME 
composite  matcri<ds  consisting  of  a  polymer  matrix  reinforced  by  a  transformation  SME  fiber.  For 
the  ease  of  an  isothermal  stress  input,  the  composite  transformation  .stress,  the  maximum  it  ans- 
formation  strain,  and  the  hysteresis  were  all  reduced  vis-a-vis  the  monolithic  SME  matevi.'U.  In 
contrast  to  a  monolithic  SME  material,  stress-free  thermal  loading  of  a  SMB  composite  can  pro¬ 
duce  a  transformation  strain.  It  was  shown  that  closed  form  solutions  for  the  effective  martensite 
and  austenite  start  temperature  can  be  derived,  that  they  are  sensitive  to  the  .stress-ftee  refer- 
enee  temperature  (7^)  of  the  fiber,  and  that  the  stress  free  transformation  start  temperatuna  arc 
higher  than  those  of  the  monolithic  SME  material. 

In  future  research,  the  present  authors  will  consider:  (1)  the  effects  of  matrix  viscoelasticity.  (2) 
the  influence  of  manufacturing  effects  sucii  as  nsidual  stresses  and  alteration  of  T“,  and  (3)  the 
shape  and  path  dependence  of  the  transformation  finish  temperatures  in  a  stress-temperature 
hypcrspacc. 
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Table  1.  Fiber  aiid  matrix  properties 

NiTi  material  properties 

*30.0  X  10^  MPa 
=13.0  X  10^  UPa 

V  =0.33 

0!^  =12.5  X  10~^/*C 
<x^  =18.5  X  10~*/*C 
U*  =23*C 
M^=5*C 
X'  =29'C 
=51*C 

C*^11.3  MPaf^C 

MParc 

Cl  =0.91  X  10’  MPa 
Polymer  material  properties 

E  =2.0  X  10’  MPa 

V  =0.33 

a  =75  X  10”V"C 
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Figure  2.The  moaolithic  (c^  =  l.O)  SMB  material 
response,  cotutant  thermoelastic  moduli. 


Figtire  S.TUe  monolithic  (c^  *  l.O)  SMB  material 
response,  variable  thermoelastic  modtilL 
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Terr.perature  (C) 

Figure  4.The  mouoUthic  {c^  *  1.0)  SME  mtetial 
response,  stress-free  thennsl  loaftog. 


Fisitrc  S.Thc  isothermal  SMB  composite  response, 
constant  fiber  tUccmoelastie  moduh. 
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Figure  G.The  isothermal  SME  composite  response, 
variable  fiber  thermoelastic  moduli 
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Figure  7.The  SME  composite  response, 
stress-free  thermal  loa<&ig. 
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Figure  4.The  monolithic  (</  *  1.0)  SME  material 
response,  stress-free  thermal  loading. 
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Figure  S.The  isothermal  SME  composite  response, 
constant  fiber  thermoelaatte  moduli. 
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l-'igure  G.The  isothermal  SMB  composite  response, 
variable  fiber  thermoelastic  moduU. 
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FU'iire  T.The  SME  composite  response, 
stress-free  thermal  loading. 


